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Introduction {#sec001}
============

Protozoan parasites significantly affect wild and farmed mollusk species around the world (OIE; <http://www.oie.int/>; Aquatic Animal Health Code, Section 11: Diseases of Mollusks). Most protozoan parasites have complex life cycles with most of the life cycle stages being intracellular; consequently, culture of the parasite requires the culture of either host cell lines or primary cells. *Perkinsus* spp. are the only protozoan parasites of mollusks that can be grown *in vitro* in the absence of the host cells \[[@pone.0155015.ref001]--[@pone.0155015.ref003]\]. Arguably (the affiliation *Perkinsus qugwadi* is uncertain \[[@pone.0155015.ref004]\]), the genus *Perkinsus* includes six species with five of them in culture and available at a public repository (American Type Culture Collection, USA, \[[@pone.0155015.ref005]\]). The ease of culturing *Perkinsus* spp. has prompted many studies and publications addressing diverse aspects of the genus *Perkinsus*\' biology \[[@pone.0155015.ref006]\] and has allowed the generation of numerous tools and resources including the sequencing of *P*. *marinus*' genome \[[@pone.0155015.ref007]\], transcriptomic and proteomic profiles \[[@pone.0155015.ref008]--[@pone.0155015.ref011]\], and the development of a transfection system \[[@pone.0155015.ref012]\]. This transfection system has been used to unravel subcellular mechanisms crucial to *Perkinsus* spp. survival inside oyster hemocytes \[[@pone.0155015.ref013]\]. Additionally, it is a key tool to genetically engineering *P*. *marinus* to induce systemic immunity against infectious agents and to produce recombinant proteins of medical and veterinary interest \[[@pone.0155015.ref014], [@pone.0155015.ref015]\]. Gene regulation in the genus *Perkinsus* is by transplacing, a process that converts a polycistronic transcript into monocistronic mRNAs by incorporating a 22-bp RNA fragment (splice leader) into the 5**'** end of independently transcribed pre-mRNAs to yield mature mRNAs \[[@pone.0155015.ref016], [@pone.0155015.ref017]\]. This particular way of regulating gene expression has limited the development of transfection vectors, which, in the absence of clear gene promoters, relies on using gene-flanking regions \[[@pone.0155015.ref012]\]. So far, no resistance cassette for positive selection has been developed for the *P*. *marinus* transfection system with identification of the transfectants relying on tagging genes with fluorescence tags (*e*.*g*. green fluorescent protein, GFP) and subcloning the transfectants by selecting fluorescent cells by limiting dilution or manually pipetting individual fluorescent cells \[[@pone.0155015.ref012]\]. The ability to grow cells onto solid media plates can facilitate subcloning and may become crucial for selecting *Perkinsus* spp. transfectants once specific resistance cassettes become available. The ability to propagate *Perkinsus* spp. in the absence of host cells makes them appropriate candidates for cultivation onto solid media plates, although such methods have not been developed yet.

In addition to subcloning, major applications of plating include chemosensitivity testing, strain phenotyping based on colony morphology, tropism analysis, extracellular product secretion analysis, and mutagenesis, among others \[[@pone.0155015.ref018]--[@pone.0155015.ref024]\]. In this study, we developed a method for plating *P*. *marinus* in Dulbecco's modified Eagle medium (DME): Ham's F12--5% FBS solidified with agar. We also engineered *Perkinsus mediterraneus* for expressing GFP and the fluorescent cells were cloned using plating. We further investigated the applicability of our plating technique to study the effect of drugs on *P*. *marinus*. As a proof of concept, we tested infusing the solid media with triclosan, a known *Perkinsus* spp. inhibitor. The plating methodology is straightforward and it can be easily implemented; we also discuss other the potential applications of the plating methodology.

Materials and Methods {#sec002}
=====================

Parasite strains and *in vitro* culture {#sec003}
---------------------------------------

Cultures of the wild-type *P*. *marinus* ATCC PRA-240 and *P*. *mediterraneus* ATCC PRA-238 \[[@pone.0155015.ref025]\] were maintained in DME: Ham\'s F12 (1:2) supplemented with 5% fetal bovine serum (FBS) in 25 cm^2^ (5--8 ml) polystyrene canted neck cell culture flasks with vent caps (Corning^®^, Corning, NY) at 26--28°C in a microbiology incubator as reported elsewhere \[[@pone.0155015.ref026]\].

Plate preparation, *P*. *marinus* plating, and subcloning {#sec004}
---------------------------------------------------------

Equal volumes of double-strength sterile bacteriological agar (Sigma-Aldrich, St. Louis, MO) and double-strength liquid DME: Ham's F-12 medium containing 10% FBS, were mixed with both solutions at 52°C. The mixture was immediately poured (15 ml or -5--7 ml) into Petri dishes (100 mm x 15 mm or 60 mm x 15 mm) (VWR, Radnor, PA) and allowed to set at room temperature under sterile conditions. Plates could then be stored at 4°C until being used. Solid media plates at final agar concentrations of 0.65, 0.75, 1.25, and 1.5% were prepared for testing. These agar concentrations had been previously tested for cultivation of other protozoan parasite \[[@pone.0155015.ref019]\]. Prior to plating, a *P*. *marinus* culture in log phase was diluted in culture medium to 2,000 cells ml^-1^, and 0.5 ml were evenly spread by rotation onto the different agar concentration-media plates in triplicate. Inocula were allowed to adsorb for 15 min before moving plates to the 26--28°C incubator. The plates were monitored over time by eye and under an inverted microscope (Olympus IX70, Center Valley, PA) and colonies and lawn formation were photographically documented (Olympus TG-3; Canon EOS Rebel T3 18.0 MP SLR, Melville, NY). *P*. *marinus* colonies were subcloned by excising them from the plate using a sterile 1 ml pipette tip with the tip cut off, and depositing them in 3.0 ml liquid culture medium in wells of 6-well plates. The plates were incubated under the same conditions indicated above.

*Perkinsus mediterraneus* transfection and subcloning {#sec005}
-----------------------------------------------------

*Perkinsus mediterraneus* trophozoites in the log phase were resuspended in 100 μl of Amaxa's solutions V and electroporated with 5 μg *p*PmMOE-GFP-11 (2.5 μg supercoiled, 2.5 μg *Not*I linearized) using the D-023 program in a Nucleofector^™^ II (Lonza, Walkersville, MD) \[[@pone.0155015.ref012]\]. Transfected cultures were monitored over time for green fluorescence using standard FITC excitation/ emission filters (488/507 nm) under an Olympus IX-70 transmitted-light fluorescence microscope. For subcloning transfectants expressing GFP, cells from a culture containing both transfected and non-transfected cells were plated by spreading 100 μl of culture onto the solid media and by streaking the plates using a microbiology loop. GFP-transfected colonies, i.e. with green fluorescence, were picked and streaked again on plates for sub-cloning. Three colonies were then picked from the plate using a sterile pipette tip and deposited in 0.7 ml of fresh medium in a 48-well plate for culture expansion and cryopreservation at -80°C. The monoclonal culture of *P*. *mediterraneus* MOE\[MOE\]:GFP-B5 was deposited in the ATCC (accession number pending).

Chemical infused agar plating {#sec006}
-----------------------------

Once the optimal concentration of agar was determined (0.75%), we prepared a set of plates containing triclosan \[5-chloro-2-(2.4 dichlorophenoxy)-phenol\] (Sigma-Aldrich) at different concentrations. The stock solution was prepared in 100% ethanol and diluted in the DME: Ham's F12--5% FBS (2x) prior to mixing with agar medium to yield final concentrations of 50, 100, and 200 μM; final concentration of ethanol on the plates was 1% or less, a concentration known to have no negative effects on *Perkinsus* spp. viability \[[@pone.0155015.ref027], [@pone.0155015.ref028]\]. The prepared plates were allowed to set and were kept at room temperature for 24 hours for sterility checking. Biological replicates (n = 9) with 2 ×10^5^ *P*. *marinus* trophozoites in 5 μl of medium were spotted on the plates containing 0.75% of agar, incubated at 28°C, and monitored daily for up to 21 days. Controls included *P*. *marinus* plated onto plates with no triclosan.

Results and Discussion {#sec007}
======================

Plating and subcloning of plated colonies {#sec008}
-----------------------------------------

The suitability of the solid media was assessed primarily by whether or not *P*. *marinus* was able to propagate. We also considered the ease of manipulating the plates and the colonies based on the medium consistency and the transparency of the medium to be able to see the colonies under the inverted microscope. Plates of all agar concentrations resulted in the formation of *P*. *marinus* colonies and lawn and no differences in cell size were observed ([Fig 1](#pone.0155015.g001){ref-type="fig"}). However, 0.75% agar medium was employed for subsequent experiments, as it was easier to pour (even spreading in the plates) and its consistency once solidified allowed for easy manipulation and observation of the colonies under an inverted microscope. Additionally, thinner medium layers of 4--6 mm enhanced microscopic observations and photo documentation. Discrete colonies were obtained by distributing the liquid medium containing *P*. *marinus* on the entire surface using clock- and anticlockwise rotation ([Fig 2A and 2B](#pone.0155015.g002){ref-type="fig"}) or by streaking the plate with an inoculating loop ([Fig 2C](#pone.0155015.g002){ref-type="fig"}). It took at least 17 days for *P*. *marinus* colonies to appear visible to the naked eye; this can be explained by *P*. *marinus*' relatively slow doubling time (17--24 hours) \[[@pone.0155015.ref001], [@pone.0155015.ref026]\]. Although, *P*. *marinus* colonies require more time than bacteria/yeast to be visible to the naked eye on the plates, the agar-based medium can support *P*. *marinus* growth for extended periods (we have exceeded six-month-old plates with *P*. *marinus*, results not shown). Trophozoites propagate mostly by schizogony (asexual reproduction by multiple fission of the parasite's nucleus followed by cytoplasmic segmentation), while binary fission and budding are seldom observed \[[@pone.0155015.ref029]\]. Indeed, in plated *P*. *marinus*, schizogony was the main propagation strategy observed ([Fig 2D and 2E](#pone.0155015.g002){ref-type="fig"}); though we also observed trophozoites propagating by binary fission and uneven groups of three and five cells indicating non-synchronic division. In *Trypanosoma brucei* it has been suggested that agar mimics an interaction of trypanosomes with the host\'s extracellular matrix and direct physical contact with the agar matrix is essential for maintaining the ability to differentiate from replicating long slender bloodstream forms into short stumpy forms (pleomorphic infections) as happens during infection of mice \[[@pone.0155015.ref022]\]. In this study we saw no effect of the agar concentration on the trophozoite size over a period of three weeks.

![*Perkinsus marinus* trophozoites grown on agar plates.\
Cell size of *P*. *marinus* trophozoites plated on plates containing variable percentage of agar.](pone.0155015.g001){#pone.0155015.g001}

![*Perkinsus* spp. colonies on agar plates.\
**A.** General appearance of *P*. *marinus* colonies and lawn growing on agar plates (60 mm x 15 mm). **B.** Close up of square on **A** showing colonies and *P*. *marinus* lawn. **C.** General appearance of *P*. *mediterraneus* colonies after streaking the cultures on agar plates, note individual colonies (arrowheads). **D.** Low magnification of *P*. *marinus* colonies (arrowheads). **E.** Detail of *P*. *marinus* schizogony; note the daughter cells being released from the mother cell (arrowheads). **F.** Large *P*. *marinus* colony; note that cell division is not synchronized as indicated by the differences in cell size.](pone.0155015.g002){#pone.0155015.g002}

Transfection and subcloning of *P*. *mediterraneus* trophozoites expressing GFP {#sec009}
-------------------------------------------------------------------------------

*Perkinsus marinus* transfection was developed almost one decade ago based on the highly expressed gene MOE; the same construct was used to successful transfect *P*. *olseni* \[[@pone.0155015.ref012]\]. Here we used the same approach to transfect *P*. *mediterraneus*, a *Perkinsus* sp. that was propagated and described from a flat oyster, *Ostrea edulis*, of Menorca, Spain. *Perkinsus mediterraneus* is characterized by growing in large clumps and for reaching lower densities in suspension cultures than other *Perkinsus* spp. \[[@pone.0155015.ref025]\]. The transfection vector *p*PmMOE-GFP-11, containing the flanking regions of *P*. *marinus* MOE, was able to drive transcription in *P*. *mediterraneus*. The engineered *P*. *mediterraneus* MOE\[MOE\]: GFP also grows in clumps as the wild type \[[@pone.0155015.ref025]\] with fluorescence concentrated in the outermost part of the cell, a phenotype also described for *P*. *marinus* MOE\[MOE\]: GFP \[[@pone.0155015.ref012]\] ([Fig 3A and 3B](#pone.0155015.g003){ref-type="fig"}). Establishing *Perkinsus* spp. cultures from the host is usually followed by subcloning by limiting dilution \[[@pone.0155015.ref003], [@pone.0155015.ref030]\] or by picking individual fluorescent trophozoites (*e*.*g*. GFP) under the microscope using a micropipette \[[@pone.0155015.ref012]\]. Filtered spent medium from actively growing cultures is typically added to accelerate the division of individual subcloned cells, yet cells subcloned using either of these approaches do not always proliferate \[[@pone.0155015.ref003]\]. Employing solid media plates we were able to grow individual *P*. *mediterraneus* colonies from low-density inocula without the addition of spent medium from actively growing cultures. We used subcloning by picking individual fluorescent trophozoites to select *P*. *mediterraneus* transfectants expressing GFP in the absence of a positive drug selection marker (*e*.*g*. selection using resistance to chloramphenicol); consequently, we tested if we would be able to see the fluorescence of plated *P*. *mediterraneus* MOE\[MOE\]: GFP \[[@pone.0155015.ref012]\] as a way to identify and select transfectants expressing GFP. Indeed, *P*. *mediterraneus* MOE\[MOE\]: GFP was easily visible on the plates indicating that plating can be used for identifying cells expressing tagged genes with fluorescence. Additionally, in the case of selection in liquid medium, fluorescent cells would be more difficult to see when at lower densities than non-transfected cells. Moreover, unlike in liquid medium, cells are immobilized on the surface of the solid medium allowing monitoring individual colonies over time. Selected fluorescent colonies were picked and streaked again onto fresh media plates for a second round of subcloning ([Fig 3C and 3D](#pone.0155015.g003){ref-type="fig"}). Subcloned colonies were further picked and successfully employed for establishing liquid cultures for expansion and cryopreservation.

![*Perkinsus mediterraneus* MOE\[MOE\]: GFP cloning on agar plates.\
**A**. *Perkinsus mediterraneus* MOE\[MOE\]: GFP growing in clumps in liquid medium (bright field) **B**. Blue light excitation; note the mother cell cell-wall (arrowheads). **C**. Detail of *P*. *mediterraneus* MOE\[MOE\]: GFP and non-fluorescent *P*. *mediterraneus* growing as single colonies after spreading the culture on the plate (bright field). **D**. Blue light excitation.](pone.0155015.g003){#pone.0155015.g003}

Chemosensitivity testing {#sec010}
------------------------

Over the past few years the library of compounds and drugs active against *Perkinsus* spp. (tested in liquid medium cultures) has been significantly expanded \[[@pone.0155015.ref028], [@pone.0155015.ref031]\]. In particular, triclosan has been shown to inhibit *P*. *marinus* growth in liquid media with IC~50~ between 20 and 94 μM \[[@pone.0155015.ref027], [@pone.0155015.ref032]\]. To test the effect of triclosan in *P*. *marinus* growing in solid medium we choose two concentrations above and one below the IC~50~ determined for the *P*. *marinus* strain used in this study \[[@pone.0155015.ref027]\]. Here, we demonstrated that triclosan was also active against *P*. *marinus* in solid medium ([Fig 4A](#pone.0155015.g004){ref-type="fig"}) as indicated by the observation of disrupted cells and the limited formation of colonies at 50 μM or the complete absence at higher triclosan concentrations ([Fig 4B](#pone.0155015.g004){ref-type="fig"}). This method represents an alternative to the media-dilution method for the screening of compounds against *P*. *marinus* with the caveat that plating requires more time both in preparation and in determining the effect of compounds.

![Effect of triclosan on plated *Perkinsus marinus* five days after exposure.\
**A.** Overview of the plates. **B.** Detail of the cells on the plates (40x).](pone.0155015.g004){#pone.0155015.g004}

Currently, selection of transfectants of *Perkinsus* spp. relays on tagging genes with fluorescent tags (*e*.*g*. GFP) and subcloning the transfectants by selecting fluorescent cells by limiting dilution or manually pipetting individual fluorescent cells \[[@pone.0155015.ref012]\]. As resistance cassettes are currently being developed in several laboratories (R.F. Waller, personal communication), we foresee that infused agar plates (*e*.*g*. tetracycline, chloramphenicol) \[[@pone.0155015.ref027]\] will facilitate selecting transfectants with specific resistance cassettes incorporated into transfection vectors \[[@pone.0155015.ref012]\]. Cells carrying the plasmid would be the only ones growing on the plates, hence eliminating the need for fluorescent tagging of the genes of interest and facilitating the cloning of the transfectants.

Potential uses of the plating technique {#sec011}
---------------------------------------

*Perkinsus marinus* is by far the marine protozoan parasite of mollusks for which more scientific resources and tools are available \[[@pone.0155015.ref006]\]. Here, we have added a new method for plating several *Perkinsus* spp. on a solid medium. This new technique opens the door to multiple potential applications. A few application examples, some proven in this study and other which we hypothesize are possible, are indicated in [Fig 5](#pone.0155015.g005){ref-type="fig"}.

![Possible applications of plating *Perkinsus marinus*.\
**A.** *Perkinsus* sp. Isolation. Tissue samples (*e*.*g*. hemolymph) or filtrates from waters close to bivalve aquaculture operations could be directly deposited on the plates. **B.** Subcloning of *P*. *marinus* isolates or transfectants expressing fluorescent proteins by spreading the diluted sample on the plate or by streaking (this study). **C.** Phenotyping *Perkinsus* spp. and strains based on the colony morphology. **D.** Mutagenesis. *Perkinsus* sp. culture is exposed to mutant agents and plates infused with specific inhibitor/substrates for selection depending on the nature of the mutant phenotype of interest or based on cell/colony morphology. **E.** Extracellular product analysis. The solid medium can be infused with specific substrates to analyze and compare their degradation as the *Perkinsus* sp. colony grows over time. **F.** Tropism analysis by depositing a *Perkinsus* sp. on the center of the plate and components of the bivalve host in different parts of the plate. **G.** *Perkinsus* sp. virus isolation. *Perkinsus* sp. culture supernatant or filtrates from waters close to bivalve aquaculture areas could be directly deposited on *Perkinsus* sp. lawn plates, incubate, and monitor the plates for formation of lysis plaques.](pone.0155015.g005){#pone.0155015.g005}

Plating has been used to isolate *Trypanosoma cruzi* from the intestinal content of the kissing bug \[[@pone.0155015.ref019]\] and for subcloning isolates. Similarly, plating hemolymph or environmental water samples to solid media should be a straightforward method for establishing *Perkinsus* sp. isolate cultures ([Fig 5A](#pone.0155015.g005){ref-type="fig"}). Using this technique we have been able to recover *P*. *marinus* MOE\[MOE\]: GFP \[[@pone.0155015.ref012]\] from the hemolymph of oysters experimentally challenged with the protozoan parasite (results not shown). The presence of "races" and genetic strains of *P*. *marinus* along the coasts of the USA has been assessed on the basis of cell enlargement in RFTM \[[@pone.0155015.ref033]\], genetic characterization \[[@pone.0155015.ref034], [@pone.0155015.ref035]\], and sensitivity to drugs \[[@pone.0155015.ref028], [@pone.0155015.ref036]\]. The plating technique could be used for examining natural population diversity with respect to, for example, size and morphology of cells and colonies that develop on solid media from a mixed natural sample when grown on plain media or media induced with different compounds. Additionally, our method can be applicable for phenotypic (*e*.*g*. morphology and growth) characterization of *Perkinsus* spp. isolates after mutagenic treatment, an approach that has been used on other plated organisms such as yeast and algae \[[@pone.0155015.ref037]--[@pone.0155015.ref040]\] ([Fig 5C and 5D](#pone.0155015.g005){ref-type="fig"}).

Supernatant media from *Perkinsus* sp. suspension cultures contains numerous extracellular products (ECP) with enzymatic activity (*e*.*g*. proteases, glycoxydases, lipases, superoxide dismutase), that may break down host tissues into transportable components \[[@pone.0155015.ref025], [@pone.0155015.ref041], [@pone.0155015.ref042]\], to protect the parasite against the host immune response \[[@pone.0155015.ref043]--[@pone.0155015.ref045]\], and to affect the bivalve defense parameters \[[@pone.0155015.ref046]\]. Activity gels or assays with purified proteins have been used to demonstrate activities in ECPs and protective enzymes \[[@pone.0155015.ref025], [@pone.0155015.ref042], [@pone.0155015.ref047], [@pone.0155015.ref048]\]. Plating *Perkinsus* spp. offers an alternative method not only for detecting ECP activities by adding substrates of interest to the solid medium (*e*.*g*. plates containing gelatin for protease activity) but also for quantifying the degradation of the substrate around the colonies; similarly, by infusing the solid medium with host substrates this approach can be used for selecting clones displaying a specific trait (*e*.*g*. resistance to host defense molecules) or for comparing strain phenotypes ([Fig 5E](#pone.0155015.g005){ref-type="fig"}).

*Perkinsus* spp. trophozoites lack mechanical structures for active motility (*e*.*g*. gliding) \[[@pone.0155015.ref029]\]. However, *Perkinsus* spp. can respond to environmental and host's cues and *Perkinsus olseni* (= *atlanticus*) appears to accumulate in the gills, an area where aggregates of *P*. *olseni* are often seen in heavily infected specimens \[[@pone.0155015.ref049], [@pone.0155015.ref050]\]. Plating offers an opportunity to study the behavior of the trophozoites on a solid medium in response to a host's cues infused in or deposited on the agar plates ([Fig 5F](#pone.0155015.g005){ref-type="fig"}).

Another interesting aspect of several *Perkinsus* spp. is that they appear to be susceptible to viral infection, as shown in several ultrastructural studies that revealed virus-like particles (VLP) within trophozoites of *Perkinsus* spp. \[[@pone.0155015.ref026], [@pone.0155015.ref051]--[@pone.0155015.ref053]\]. However, these observations have been sporadic and, to the best of our knowledge, no further attempt to isolate or characterize those viruses and the consequences of infection on the protozoan host has been reported. Research on other parasitic protozoa (including some with human hosts) has revealed many interesting biological phenomena \[[@pone.0155015.ref054]--[@pone.0155015.ref056]\] that suggest that there is every reason to expect that viruses have a profound effect on the propagation, life style, and virulence of *Perkinsus* spp. Being able to grow *Perkinsus* spp. cells in solid media may facilitate confirming the presence and isolation of *Perkinsus* spp. viruses by plaque assays as routinely done for isolation of, for example, bacteriophages and viruses of a wide range of photosynthetic and non-photosynthetic protists \[[@pone.0155015.ref057], [@pone.0155015.ref058]\]. Plating *P*. *marinus* at high densities results in a *P*. *marinus* lawn, a necessary condition for performing plaque assays, which can be inoculated with virus-containing filtrates (\<0.2 μm, to remove cellular components) from environmental seawater samples from areas with a heavy presence of *Perkinsus* spp. \[[@pone.0155015.ref059]\], from bivalve extracts, or from *Perkinsus* spp. cultures ([Fig 5G](#pone.0155015.g005){ref-type="fig"}).

In summary, we have added a new technique to the genus *Perkinsus* toolbox. This technique would bypass some methodological limitations in current studies and it has the potential for exploring new avenues to study the parasite's biology.
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